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High-quality InN epitaxial films have been grown by nitrogen-plasma-assisted molecular-beam
epitaxy on Si~111! substrates using a double-buffer technique. Growth of a ~0001!-oriented single
crystalline wurtzite–InN layer was confirmed by reflection high-energy electron diffraction, x-ray
diffraction, and Raman scattering. At room temperature, these films exhibited strong near-infrared
~0.6–0.9 eV! photoluminescence ~PL!. In addition to the optical absorption measurement of
absorption edge and direct band nature, the PL signal was found to depend linearly on the excitation
laser intensity over a wide intensity range. These results indicate that the observed PL is due to the
emission of direct band-to-band recombination rather than the band-to-defect ~or impurity! deep
emission. © 2004 American Institute of Physics. @DOI: 10.1063/1.1738183#
Indium nitride ~InN! is an interesting and potentially im-
portant semiconductor material with superior electronic
transport properties.1 Compared to all other group-III ni-
trides, InN possesses the lowest effective mass, the highest
mobility, and the highest saturation velocity. Therefore, it is
very suitable for high speed and high frequency electronic
device applications. Recently, this material has received
much attention due to the discovery of its narrow direct band
gap around 0.7–1.0 eV,2–7 in sharp contrast to the widely
cited value of ;1.9 eV in the literature.8 If this recent band
gap value is correct, ~AlGaIn!N-based light emission devices
can be operated in the wavelength range from near-infrared
to violet ~0.7–6.2 eV!. Up to now, InN is not very well
studied, mostly because high-quality InN samples are diffi-
cult to grow. Due to poor sample quality, until about two
years ago, no band-edge photoluminescence ~PL! spectra
were reported. In fact, the previous band gap value of ;1.9
eV was determined in the early studies mainly by interband
absorption measurements performed on InN polycrystalline
films deposited by sputtering techniques,8 in which oxygen
incorporation is a severe problem. The epitaxial growth of
InN films is very difficult because of the extremely low dis-
sociation temperature ~causing instability in stoichiometry at
high temperatures! of InN and the lack of suitable matched
substrates in terms of lattice constants and thermal expansion
coefficients. Recent progress in epitaxial growth techniques
@most notably molecular-beam epitaxy ~MBE! using highly
active nitrogen plasma#2–5,7 has led to significantly improved
InN samples, which show PL as well as a clear absorption
edge at ;0.7–0.9 eV. However, the origin of the observed
near-infrared PL signal is still under current debate. Because
of the weak PL signal, emission from a deep level ~similar to
the ‘‘yellow’’ emission from some GaN films!9 still cannot be
completely ruled out. This situation complicates the recent
evidence for narrow band gap. From both fundamental and
technological points of view, there is still much need for
improving the epitaxial technique for higher quality InN
films, which can exhibit strong PL at room temperature.
In this letter, we report the growth of InN epilayers by
plasma-assisted molecular-beam epitaxy ~PA-MBE! on
Si~111! substrates using a double-buffer technique. The PA-
MBE growth method allows InN growth at low temperature
because of the high reactivity of nitrogen (N2) plasma ~in-
stead of ammonia! with the elemental In flux at the substrate
surface. Silicon is a suitable substrate material for InN
heteroepitaxy because of the smaller lattice mismatch of
;8% for InN~0001!/Si~111! compared to ;25% for
InN(0001)/Al2O3(0001) ~the most widely used substrate
material!.1 And, III-nitrides-on-Si heteroepitaxy is in general
feasible due to the possible lattice matching of hexagonal
wurtzite epitaxial films and a diamond Si~111! crystal face.10
Besides the availability of large size ~up to 12 in. in diam-
eter!, low cost, and excellent crystal quality of Si substrates,
Si also possesses excellent material properties such as dop-
ing properties ~amphoteric type and high carrier concentra-
tion!, cleavability, good thermal conductivity ~;3 times
larger than that of sapphire!, and mature processing tech-
niques. These advantages of Si substrates can open up appli-
cations of InN, including the potential integration of InN and
Si technologies, solar cells, and light emission/detection de-
vices at the optical-fiber telecommunication wavelengths,
etc. However, up to now, the reported film quality of InN
grown on Si was very poor. It was proposed that an amor-
phous SiNx layer formed by unintentional nitridation of the
substrate surface during the first stage of the growth might
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cause detrimental effects on the grown InN films.1 To over-
come the effect of amorphous SiNx on growth quality, we
form a single-crystal b-Si3N4 ultrathin layer, which is 1:2
coincident lattice matched with the Si~111! surface,11 on the
Si~111! substrate prior to the InN growth. Low-temperature
PL result from InN films grown on Si substrates was reported
only recently by T. Yodo et al.12 However, the reported band
gap values ranging from 1.81 to 2.16 eV ~at 8.5 K! have
caused much confusion about the recently discovered narrow
band gap. Here, we show that the film quality of InN grown
on Si~111! using this buffer technique is significantly im-
proved, and strong near-infrared PL can be observed even at
room temperature. Furthermore, we demonstrate that the ori-
gin of the observed PL is due to the direct band-to-band
emission. From the excitation intensity dependence PL sig-
nal, we can rule out the possibility of deep-level emission.
Heteroepitaxial growth of InN on Si was conducted in a
DCA-600 MBE System ~DCA Instruments! equipped with a
radio-frequency nitrogen plasma source ~ADDON!. Three-
inch Si~111! wafers ~boron-doped p type! were used as the
substrates and the base pressure of this MBE system is ;6
310211 Torr. The details related to the surface preparation
procedure of the Si~111! substrate and the formation method
of a coincident-lattice-matched b-Si3N4 /AlN(0001) double-
buffer layer on Si~111! can be found elsewhere.10 Figures
1~a! and 1~b! show the streaky reflection high-energy diffrac-
tion ~RHEED! patterns, indicating the smooth surface struc-
tures at different stages of growth. InN film quality was also
examined by ex situ transmission electron microscopy
~TEM! and atomic force microscopy ~AFM! ~not shown!.
AFM images reveal the smooth morphology of grown InN
samples. And, TEM images confirm the epitaxial growth for
both b-Si3N4 /AlN(0001) buffer and InN film. The film
thickness determined by TEM is 350 nm for the InN epilayer
and 35 nm for the AlN buffer layer. The lattice parameters of
the InN epilayer determined by RHEED @Fig. 1~b!# and x-ray
diffraction @Fig. 2~a!# are consistent with the formation of a
relaxed wurtzite-type InN~0001! epilayer. Although the
grown InN films were not intentionally doped, they typically
display residual n-type conductivity. Free electron concentra-
tion of 131019 cm23 and mobility of 368 cm2/V s have
been determined by room-temperature Hall effect measure-
ments for the InN sample shown here.
The crystalline quality and lattice structure of the InN
film was further investigated by Raman spectroscopy. Figure
2~b! shows a room-temperature Raman spectrum of the InN
film obtained with a high-sensitivity micro-Raman system
~Nanofinder-30, Tokyo Instruments!. In this spectrum ~the
spectral resolution is ;1.75 cm21), four Raman active
modes can be clearly identified as follows: the wurtzite–InN
E2 ~low! mode at 87 cm21, the wurtzite–InN E2 ~high!
mode at 490 cm21, the Si optical phonon mode at 520
cm21, and the wurtzite–InN A1 ~LO! mode at 590 cm21.1,13
The full width at half maximum ~FWHM! of the wurtzite–
InN E2 ~low! and E2 ~high! modes can be determined by this
spectrum to be ;2 cm21 ~comparable to the spectral resolu-
tion limit! and ;4 cm21, comparable to the FWHM value of
the optical phonon mode of Si substrate at 520 cm21. The
Raman results confirmed the high crystalline quality and
wurtzite lattice structure of the grown InN films.
Figure 3~a! shows the room-temperature PL spectra ~ex-
citation power range: 1–200 mW! from the InN film grown
on Si~111!. The PL signal was measured at room temperature
by using the 514.5 nm line of an Ar1 laser as the excitation
source. The collected luminescence was dispersed by a 0.5 m
monochromator equipped with a 600 gr/mm grating, and was
FIG. 1. Typical streaky RHEED patterns of ~a! AlN~0001!-~333! buffer
surface ~before the InN growth! and ~b! InN~0001!-~131! surface ~after the
InN growth! recorded during the plasma-assisted MBE growth of InN on a
Si~111! substrate using the b-Si3N4 /AlN(0001) double-buffer technique
~InN growth temperature is 520 °C!. The electron beam azimuth is along the
Si@1¯10# direction ~iInN/AlN@21¯1¯0#!.
FIG. 2. ~a! X-ray diffraction profile of the epitaxial InN film grown on
Si~111! using the b-Si3N4 /AlN(0001) double-buffer technique. The mea-
sured lattice parameters are c55.697 Å ~wurtzite InN!, c54.978 Å ~wurtzite
AlN!, and a55.431 Å ~Si!. ~b! Room-temperature Raman spectrum for the
InN epitaxial film grown on Si~111!. Three prominent phonon modes for
wurtzite-type InN are observed.
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detected by a liquid-nitrogen-cooled extended InGaAs detec-
tor ~with a cutoff wavelength of 2.3 mm! using the standard
lock-in technique. All the PL spectra have been corrected by
the system response curve.
In the inset of Fig. 3~a!, we display an optical absorption
curve ~shown by the squared absorption coefficient a2) of
the InN film. The optical absorption was measured by using
a 1 kW tungsten–halogen lamp combined with a 0.5 m
monochromator as the light source. The transmitted light was
detected by the same extended InGaAs detector. The mea-
sured a2 displays a linear dependence with the photon en-
ergy higher than ;0.82 eV, which clearly demonstrates the
characteristic feature of direct band gap absorption without
ambiguity. According to J. Wu et al.,5 the band edge absorp-
tion energy depends on the carrier concentration and does
not coincide with the PL peak energy. The absorption and PL
measurement results in our work are in agreement with their
report. Additional visible-wavelength PL measurement using
a separate experimental setup ~liquid-nitrogen-cooled
charged coupled device detector, 325 nm He–Cd excitation
source! verified that no PL signal around 1.9 eV could be
found, in contrast to the previous PL report of InN films
grown on Si substrates.12 We have also investigated the ex-
citation power dependence of the integrated room-
temperature PL intensity. The integrated PL intensity was
found to vary linearly with the excitation intensity over two
orders of magnitude @Fig. 3~b!#, which is consistent with the
direct band-to-band emission nature. In contrast, it has been
known that the deep-emission intensity ~originating from de-
fects or impurities, such as ‘‘yellow-band’’ luminescence
from some GaN films! nonlinearly increases with light inten-
sity at low excitation levels and then tends to saturate at
higher excitation levels.8 As can be seen in the inset of Fig.
3~b!, the PL signal shows no sign of saturation even at the
highest excitation power ~200 mW!. It demonstrates that InN
grown on Si, due to the inherent material properties, has the
potential to be used for high-power light emitting devices in
the near-infrared region.
In summary, high-quality wurtzite–InN~0001! epilayers
can be grown on Si~111! substrates by plasma-assisted MBE
using a double buffer technique. The grown InN films exhibit
strong near-infrared PL intensity ~0.6–0.9 eV! at room tem-
perature. The capability of growing InN on a Si substrate can
open up a variety of device application possibilities.
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FIG. 3. ~a! Room-temperature variable-excitation-power PL spectra from
the InN epitaxial film grown on Si~111!. Inset shows the optical absorption
spectrum at room temperature. ~b! Plot of integrated room-temperature PL
intensity vs excitation power over a wide power range.
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